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ABSTRACT

The cantaloupe melon has been associated with outbreaks of Salmonella infections. Tt is suspected that bacterial surface
charge and hydrophobicity may affect bacterial attachment and complicate hacterial detachment from cantaloupe surfaces. The
surface charge and hydrophobicity of strains of Salmonella, Escherichia coli (0157:H7 and non-O157:H7), and Listeria
monocylogenes were determined by electrostatic and hydrophobic interaction chromatography, respectively. Initial bacterial
attachment to cantaloupe surfaces and the ability of bacteria to resist removal by washing with water were compared with
surface charge and hydrophobicity. Whole cantaloupes were submerged in inocula containing individual strains or in cocktails
containing Saimonella, E. coli, and L. monocytogenes, either as a mixture of strains containing all three genera or as a mixture
of strains belonging to a single genus, for 10 min. Inoculated cantaloupes were dried for 1 h in a biosafety cabinet and then
stored for up to 7 days at 4°C. Inoculated melons were washed with water, and bacteria still attached to the melon surface, as
well as those in the wash water, were enumerated. Initial bacterial attachment was highest for individual strains of E. coli and
lowest for L. monocytogenes, but Sabmonella exhibited the strongest attachment on days 0, 3, and 7. When mixed-genus
cocktails were used, the relative degrees of attachment of the three genera ware altered. The attachment of Salmonella strains
was the strongest, but the attachment of E. coli was more extensive than that of L. monocytogenes on days 0, 3, and 7. There
was a linear correlation between bacterial cell surface hydrophobicity (r? = 0,767}, negative charge (+* = 0.738), and positive

charge {r? = 0.724) and the strength of bacterial attachment to cantaloupe surfaces.

The ability of pathogenic bacteria to adhere to surfaces
of fruits and vegetables continues to be a potential food
safety problem of great concern to the produce industry.
Surface structure and the biochemical characteristics of
bacteria and of a substratum play a major role in how and
where bacteria may attach. The surface of the cantaloupe
is composed of a meshwork of tissue commonly referred
to as the net (44). The raised net tissue gives the surface
of the cantaloupe an inherent roughness. The surface rough-
ness may favor microbial attachment and hinder microbial
detachment.

Bacterial attachment to surfaces is influenced not only
by cell surface charge (14) and hydrophobicity (4/—43) but
also by the presence of particular surface appendages such
as flagella and fimbriac, as well as extracellular polysac-
charides (13, 15). Flagella, fimbriae (pili), outer membrane
proteins, and extracellular polysaccharides may influence
bacterial attachment to plant surfaces (30, 36). Plant sur-
faces and microbes both have negative surface potential,
which results in electrostatic repulsion between the two sur-
faces. Surface appendages such as pili already present on
microbes or induced by the presence of a plant surface or
other favorable conditions are used to bridge the gap ex-
erted by the electrostatic repulsion (3/). Bacteria colonize

* Author for correspondence. Tel: 215-233-6427; Fax: 215-233-6406;
E-mail: dukuku@arserrc.gov.

1 Mention of 2 brand or firm name does not constitute an endorsement by
the U.S. Department of Agriculture over others of a similar nature not
mentioned.

surfaces and are able to migrate by responding to changes
within their growth environment (17). A wide variety of
techniques have been used to study surface characteristics
of bacterial cells (6, 71, 21, 26-28, 32, 35, 41). The most
widely used fechniques are hydrophobic interaction chro-
matography (HIC) and electrostatic interaction chromatog-
raphy (ESIC), because bacterial cell surface properties can
be measured only indirectly, through phenomena that reflect
more or less the nature of molecular interactions (25),

A better understanding of bacterial adhesion to the can-
taloupe is necessary for the development of more effective
washing treatments to control microorganisms on melon
surfaces and fresh-cut pieces. The aim of this study was to
determine the bacterial cell surface characteristics (surface
charge and hydrophobicity) of Listeria monocytogenes, Sal-
monella, and Escherichia coli and to evaluate whether these
characteristics are correlated with the strength of bacterial
attachment to the outer surfaces of cantaloupes.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and preparation.
Bacterial strains used in this study were E. coli ATCC 25922 (type
strain), . coli O157:H7 strains SEA13B88 and Oklahoma (apple
juice cider-related outbreaks), Salmonelia Stanley HQ558 (alfalfa
sprout-related cutbreak, obtained from Dr. Patricia Griffin, Cen-
ters for Disease Control), Salmonella Poona RM2350, Salmonella
Saphra 97A3312 (cantaloupe-related outbreaks, obtained from Ms.
Sharon Abbott and Dr. Michael Janda, California Department of
Health Services), L. monocytogenes Scott A (clinical isolate), L.
meonocytogenes CCR1-L-G (food lisolate), L. monocytogenes
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ATCC 15313‘(type strain), and L. monocvtogenes HT888 (food
isolate). Except where designated, bacterial strains were obtained
from the U.S. Department of Agriculture, Agricultural Research
Service, Eastern Regional Research Center culture collection.

Bacteria were maintained on brain heart infusion agar (Difco,
Detroit, Mich.) slants held at 4°C. Prior to use, the cultures were
subjected to two successive transfers by loop inocula to 5 ml of
brain heart infusion broth (Difco) (Salmonella and E. coli) or 5
ml of Trypticase soy broth supplemented with 0.6% yeast extract
(TSBYE; Difco) (L. monocytogenes). A final transfer of 0.2 ml
was made into 20 ml of brain heart infusion broth or TSBYE, and
incubation was carried out at 36°C for 18 h under static condi-
tions. The bacterial cells were harvested by centrifugation (10,000
X g, 10 min) at 4°C. The cell pellets were washed in salt peptone
(0.85% NaCl, 0.05% Bacto Peptone [Difco]). The cell pellets were
used to prepare three different types of inoculum. The first type
of inoculum consisted of the individual bacterial strains at 108
CFU/ml. The second type of inoculum consisted of a mixture
containing strains of individual genera (three to four strains per
genus). The final concentrations of Salmonella, E. coli, and L.
monocytogenes in this inoculum were 1.23 % 108, 2.26 X 108
and 2.35 X 108 CFU/ml, respectively, Similar bacterial suspen-
sions were also used for the chromatographic assay described be-
low. The third type of inoculum consisted of a mixture containing
2.13 X 108 CFU of Salmonella Poona RM2350 per ml, 2.30 X
108 CFU of E. coli O157:H7 SEA13B88 per mi, and 1.97 X 108
CFU of L. monocytogenes Scott A per ml. All inocula were pre-
pared in 3 liters of 0.1% (wt/vol) peptone water.

Chromatography. HIC and ESIC columns were prepared
according to a slightly modified version of the procedure de-
scribed by Dahlback et al. (6) and Pedersen (27). Pasteur capillary
pipettes (14.59 cm long; Macalaster Bicknell Co., Millville, N.I.),
were plugged with glass wool and washed sequentially with 5 ml
of 75% ethanol and 10 ml of 0.02 M sodium phosphate (NaPO,)
buffer (pH 6.8). Columns for HIC were packed with 8 ml of octyl-
Sepharose CL-4B gel (Sigma Chemical Co., St. Louis, Mo.) equil-
ibrated overnight at 4°C in 12 ml of 0.02 M NaPO, buffer (pH
6.8) (bed volume, 0.6 ml). The ESIC columns were packed with
2 ml of a 1:2 (wt/vol) suspension of the ion exchange resin and
NaPO, buffer (bed volume, 0.6 ml). Dowex chloride form (1.2
meq/ml capacity; Sigma) was used for the anionic resin, and Dow-
ex hydrogen form (1.7 meg/ml capacity, SO X 8; Bio-Rad Labo-
ratories, Richmond, Calif.) was used for the cation resin. The
mesh size was 100 to 200 wm for both resins. Chromatography
was carried out according to Dickson and Koohmaraie (9). A sam-
ple (0.1 ml) of washed bacterial cell suspension of an individual
strain was loaded onto the surface of the column, and then 0.2 ml
of NaPO, buffer was added. The bacterial cell populations in the
suspensions added to the column were determined by standard
dilution plating techniques. The elution of all columns was per-
formed with 12 ml of 0.02 M NaPO, buffer (pH 6.8), and the
eluate was collected. Bacterial populations in each elute sample
and in the original suspensions were determined with brain heart
infusion agar or tryptic soy agar (Difco) by a pour plate technique.
The number of bacteria bound to the columns was calculated as
the difference between the total cell population in the initial sus-
pension and that in the eluted sample. The relative hydrophobicity
was expressed as gle, and the relative ion values were expressed
as rfe, with g and r being the numbers of bacteria retained by the
columns and e being the number eluted. Each strain was tested
three times.

Attachment experiments. Unwaxed Western ‘‘shipper” can-
taloupes (1,461.5 to 1,948.1 g) obtained from a local distribution

warehouse were allowed to come to room temperature (~20°C)
overnight before being inoculated. Cantaloupes were submerged
in 3 liters of bacterial inoculum (individual strains or cocktails)
and agitated by stirring with a glove-covered hand for 10 min to
ensure even inoculation. The inoculated cantaloupes were air dried
for 1 h in a biosafety cabinet and then stored at 4°C for up to 7
days before washing treatments were applied. At 0, 3, and 7 days
postinoculation, three cantaloupes per bacterial stain or cocktail
were washed with water by submersion under the surface of 3
liters of sterile tap water, and then manual rotation was performed
to assure complete coverage and contact of the surfaces with the
wash solution for 2 min to remove loosely attached bacteria.
Washed melons were placed on crystallizing dishes in a biosafety
cabinet to dry for 1 h. Bacterial cells in the wash water and those
remaining on the melon surfaces were enumerated as described
below. The population remaining on the melon surface after the
washing treatment was expressed in terms of the Sg value. The
Sg value represents the percentage of the total bacterial population
strongly attached to the cantaloupe. Sg values were calculated as
(strongly attached bacteria)/(loosely attached bacteria + strongly
attached bacteria) as described by Dickson and Koohmaraie (9).

Microbiological examination. Plugs (2.2 cm; n = 40)
weighing approximately 25 g altogether were cut from each can-
taloupe rind with a sterile stainless steel cork borer and blended
(Waring commercial blender, speed 5, 1 min) in 75 ml of 0.1%
peptone water. Salmonella cells were enumerated on salmonella-
shigella agar (Difco) with incubation at 35°C for 48 h. For com-
parison, a pure culture of Salmonella was plated on salmonella-
shigella agar (Difco), incubated as above, and run in parallel with
the samples. Selected black or black-centered colonies from the
agar plates were confirmed to be Salmonella colonies according
to the FDA Bacteriological Analytical Manual following conven-
tional biochemical methods (1) as well as serological assays in-
volving latex agglutination (Oxoid, Ogdensburg, N.Y.).

For the enumeration of E. coli, plating was carried out on
violet red bile agar (Difco) with a 5-ml overlay of the same agar
containing 4-methylumbelliferyl-B-p-glucuronide, and plates were
incubated at 37°C for 24 h. Selected colonies were confirmed to
be E. coli colonies as described by Hitchins et al. (18). In addition,
for E. coli O157:H7, serological assays involving latex aggluti-
nation (Oxoid) were employed.

To enumerate L. monocytogenes, plating was carried out with
modified Oxford agar (Difco) incubated at 37°C for 48 h (20). In
addition, pure cultures of L. monocytogenes were surface plated
onto modified Oxford agar to serve as references for identification.
Representative presumptive colonies of L. monocytogenes were
subjected to API Listeria tests (bioMerieux Marcy I'Etiole,
France).

RESULTS

Relative bacterial cell surface hydrophobicity and
charge. Bacterial surface hydrophobicity showed substan-
tial variation among strains of Salmonella but not among
strains of E. coli or L. monocytogenes (Table 1). The high-
est cell surface hydrophobicity was exhibited by the Sal-
monella strains (g/e = 0.338 to 0.629), followed by L. mon-
ocytogenes and then E. coli. There was no ditference be-
tween the surface hydrophobicity of E. coli ATCC 25922
and that of the E. coli O157:H7 strains. The hydrophobicity
values for the L. monocytogenes strains were also very §im-
ilar.

All of the bacteria tested exhibited stronger negative
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TABLE 1. Bacterial cell surface hydrophobicity and charge®

Surface charge (r/e)

Bacterium Hydrophobicity (g/e) ESIC (—) ESIC (+)

Salmonella

Stanley (H0558) 0.338 = 0.114 2148 = 0.19 4.10 = 0.10

Poona (RM2350) 0.486 + 0.110 33.71 £ 030 1.82 * 0.14

Saphra (97A3312) 0.629 * 0.130 50.00 = 0.15 6.08 = 0.11
Escherichia coli

ATCC 25922 0.233 = 0.021 1.62 + 0.12 0.12 + 0.04

0157:H7 SEA13B88 0.207 = 0.015 1.48 = 0.10 0.18 = 0.09

0157:H7 Oklahoma 0.220 = 0.019 1.50 = 0.13 0.16 = 0.03
Listeria monocytogenes

Scott A 0.284 = 0.051 38.06 = 0.12 040 * 0.12

ATCC 15313 0.278 = 0.029 38.11 = 0.10 0.32 = 0.08

CCR1-L-G 0.282 * 0.059 37.68 £ 0.14 0.20 = 0.04

H7778 0.280 = 0.46 3747 = 0.12 0.08 = 0.04

a Values are averages of three separate determinations * standard deviation.

than positive surface charges (Table 1). Salmonella Saphra
had the strongest negative surface charge, with an r/e value
of 50. The other two Salmonella strains and the four L.
monocytogenes strains had values ranging from 21 to 38.
The three strains of E. coli had the weakest negative surface
charge. The surface charges of E. coli ATCC 25922 and
the E. coli O157:H7 strains were similar. There were no
differences between the surface charges of L. monocyto-
genes strains. The strains of E. coli and L. monocytogenes
had similar weak positive surface charges compared with
that of the Salmonella strains. The overall total charge was
very close for bacterial strains within a genus except for
Salmonella.

Attachment to cantaloupe surfaces and Sg value.
The number of E. coli cells attached to the cantaloupe sur-
face was larger than that for Salmonella or L. monocyto-
genes (Table 2). The population of E. coli on the cantaloupe

TABLE 2. Bacterial attachment on melon surfaces in relation to
Sg on day 0¢

Bacterium log;o CFU/cm? Sk

Salmonella

Stanley HO558 4.84 = 0.10 0.920 * 0.009

Poona RM2350 437 £ 0.11 0.939 *+ 0.010

Saphra 97A3312 434 = 0.18 0.942 + 0.011
Escherichia coli

ATCC 25922 553 £ 0.15 0.763 = 0.052

0157:H7 SEA 13B88 5.81 = 0.21 0.750 = 0.041

0157:H7 Oklahoma 520 = 0.18 0.739 * 0.059
Listeria monocytogenes

Scott A 2.89 = 0.09 0.826 * 0.038

ATCC 15313 3.00 * 0.10 0.798 * 0.032

CCRI-L-G 3.12 £ 0.11 0.830 = 0.021

H7778 3.20 = 0.09 0.810 = 0.051

@ Inocula consisted of individual bacterial strains; the Sp value
represents the strength of attachment.

surface ranged from 5.20 to 5.81 log,o CFU/cm?, compared
with 4.34 to 4.84 log;, CFU/cm? for Salmonella and 2.89
to 3.20 log;o CFU/cm? for L. monocytogenes. Although the
E. coli strains exhibited the largest initial numbers of at-
tached bacteria on the melon surface, the highest S; value
was that for Salmonella, followed by L. monocytogenes and
then E. coli. Higher Sp values indicate stronger bacterial
attachment to the melon surface, as indicated by the relative
inability of washing treatments to detach the pathogen from
the melon surface with water.

Results of a study examining the attachment of bacteria
from mixed cocktails containing all strains of an individual
genus (Salmonella, E. coli, or L. monocytogenes) on the
surfaces of cantaloupes stored at 4°C for up to 7 days are
shown in Table 3. Again, Salmonella had the highest Sg
value, indicating stronger attachment to the cantaloupe sur-
face either as individual strains or as a mixed cocktail. The
Sg value for Salmonella decreased from 0.925 to 0.902 by
day 3 of storage at 4°C but increased to 0.949 by day 7.
The strength of attachment for E. coli increased slightly
over the 7 days of storage, but that for L. monocytogenes
decreased.

When E. coli O157:H7 SEA13B88, Salmonella Poona
RM2350, and L. monocytogenes Scott A were mixed and
used as a cocktail to inoculate cantaloupe surfaces, the Sg
value for Salmonella was again higher than that for E. coli
or L. monocytogenes on all three storage days, indicating
stronger attachment (Table 4). Also, the S; value for Sal-
monella Poona increased once again (from 0.828 to 0.923)
over the 7-day period of storage at 4°C.

Correlation of bacterial cell surface hydrophobicity
and charge with attachment to cantaloupe rind. The cor-
relation coefficients for cell surface hydrophobicity and at-
tachment to the cantaloupe surface and for cell surface
charge and attachment to the cantaloupe surface for the
individual cocktails of the three genera for day 7 are shown
in Table 5. The data suggest a linear relationship between
bacterial attachment and both bacterial cell surface charge
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TABLE 3. Strength of bacterial attachment to cantaloupe surfaces for inoculum cockiails containing strains of a single genus

Sg values on day of storage at 4°C

Bacteria 0 3 7
Salmonella® 0.925 = 0.025 0.902 £ 0.110 0.949 % 0.102
E. col* 0.760 = 0.113 0.787 = 0.052 0.807 = 0.094
L. monocytogenes© 0.717 = 0.109 0.663 = 0.064 0.659 * 0.089

@ Cocktail of Salmonella spp. containing 1.23 X 108 CFU of Salmonella Stanley H0558 per ml, 2.20 X 108 CFU of Salmonella Poona
RM2350 per ml, and 1.16 X 108 CFU of Salmonella Saphra 97A3312 per ml.
b Cocktail of E. coli containing 2.18 X 108 CFU of E. coli ATCC 25922 per ml, 2.30 X 108 CFU of 0157:H7 SEA13B88 per ml, and

2.26 X 10® CFU of O157.H7 Oklahoma per ml

¢ Cocktail of L. monocytogenes containing 2.08 X 108 CFU of strain Scott A per ml 2.35 X 108 CFU of strain ATCC 15313 per ml,
2.10 X 108 CFU of strain LM-4 per ml, and 2.21 X 108 CFU of strain H7778 per ml.

and hydrophobicity. For the Salmonella and the E. coli
cocktails, correlation coefficients for positive surface
charge and attachment to the melon surface were higher
than those for negative surface charge and attachment. The
E. coli cocktail showed the highest correlation coefficient
for cell surface hydrophobicity. The cocktail of L. mono-
cytogenes strains showed similar correlation coefficients for
negative and positive cell surface charge and hydrophobic-
ity. The data suggest that both surface hydrophobicity and
surface charge play major roles in bacterial attachment to
cantaloupe surfaces.

When the values for all 10 individual bacterial strains
were used to determine the relationship between bacterial
cell surface hydrophobicity and the strength of attachment
(Sg) on day O, a linear correlation coefficient of 0.767 was
observed (Fig. 1). The correlation coefficients for the re-
lationship between the relative negative and positive charg-
es on the bacteria and their attachment to the cantaloupe
surface (r2 = 0.738 and 0.724, respectively) were similar
to those for hydrophobicity (Figs. 2 and 3). This finding
again suggests that both hydrophobicity and charge play a
role in the attachment of the pathogens to the surface of
the cantaloupe rind.

DISCUSSION

Bacterial surfaces are heterogeneous, and their physi-
cochemical properties are determined primarily by teichoic
acid (gram-positive strains) or other polysaccharides (gram-
negative strains) along with proteinaceous appendages (fim-
briae) (12, 28, 30). This heterogeneity may help to explain
the differences observed in bacterial hydrophobicity or cell
surface charge in relation to bacterial attachment to the can-
taloupe surface. The present study is the first in which HIC

and ESIC techniques were used to investigate the relation-
ship between the cell surface charge and the hydrophobicity
of Salmonella, E. coli, and L. monocytogenes and their
strength of attachment to the cantaloupe rind surface. The
results of our HIC and ESIC studies are similar to those of
Dickson and Koohmaraie (9), who used phenyl-Sepharose
CL-4B gel (less hydrophobic than the octyl-Sepharose CL-
4B used 1n this study) for HIC and Dowex resins (chloride
and hydrogen form) for ESIC. Dickson and Koohmaraie
reported g/e values of 0.392 for Salmonella Typhimurium
ATCC 14028, 0.203 for E. coli O157:H7 (no strain desig-
nation given), and 0.278 for L. monocytogenes Scott A.
Negative rf/e values reported for Salmonella, E. coli, and
Listeria were 9.47, 1.33, and 37.73, respectively, and pos-
itive r/e values were 4.78, 0.16, and —0.44, respectively.
Increased attachment to fatty beef tissue was highly corre-
lated with both increased bacterial cell surface negative
charge and hydrophobicity, but attachment to lean beef tis-
sue was highly correlated only with relative negative charge
(9).

The outer surface (rind) of a cantaloupe presents a va-
riety of surfaces to which a bacterium may bind. The epi-
dermal cell surface is ruptured with a meshwork of raised
tissue (the net). This net consists of lenticels and phellum
(cork) cells. These cells have hydrophobic suberized walls
to reduce water loss and protect against pathogen ingress.
Also imparting a hydrophobic nature to the outer surface
of the cantaloupe is the cuticle, composed of waxes and
cutin, that covers the epidermal cells (44). Hydrophilic
components of plant cell walls and middle lamella may also
be exposed because of cuticular cracks and injuries to the
epidermal surface. The mechanism of attachment of bac-
terial cells to plant surfaces has been studied most exten-

TABLE 4. Strength of bacterial attachment to cantaloupe rinds for an inoculum cockitail containing three bacterial strains®

Sk value on day of storage at 4°C

Bacterium 0 3 7
Salmonella Poona RM2350 0.828 + 0.051 0917 + 0.114 0.923 = 0.071
E. coli O157:H7 SEA13B88§ v 0.746 £ 0.110 0.800 = 0.060 0.806 = 0.110 e
L. monocytogenes Scott A 0.628 * 0.038 0.721 = 0.049 0716 = 0.0137 "

@ The cocktail contained a mixture of Salmonella Poona RM2350 (2.13 X 108 CFU/ml), E. coli 0157:H7 SEA13B88 (2.30 X 108 CFU/

ml), and L. monocytogenes Scott A (1.97 x 108 CFU/ml).
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TABLE 5. Correlation coefficients for bacterial cell surface hy-
drophobicity and charge and strength of attachment to cantgloupe
surfaces on day 7

Correlation coefficient

Surface charge (#/e} Hydrophobicity

{gle)

Bacteria® ESIC (-) ESIC {+) (HIC)
Salmonella cocktail 0787 0878 0.857
E. eoli cocktail 0.887 0944 0.998
L. monocytogenes cocktail 0.995 0984 0.956

¢ The compositions of the bacterial cocktails were as described in
Table 3.

sively for plant pathogens and symbionts (30, 31). Flagella,
fimbriae, outer membrane proteins, and extracellular poly-
saccharides have all been implicated in bacterial attach-
ment. In contrast, there is little information avatlable on the
attachment of bacterial human pathogens to plant surfaces.
Studies involving confocal scanning laser microscopy in-
dicate that Salmonella, E. coli O157:H7, and L. monocy-
togenes can atlach to intact plant surfaces such as trichomes
and can be present in substomatal chambers but are found
most often on wounded surfaces and within cuticular cracks
(5, 19, 33, 37, 38).

The results of the present study indicate that surface
hydrophobicity and both negative and positive charges are
highly correlated with the strength of attachment of Sal-
monella, E. coli O15T:H1, and L. monocytogenes to the
cantaloupe rind. However, because of the wider variation
in cell surface hydrophobicity among Salmonella serovars,
additional serovars should be examined. That all three of
these surface properties affect the attachment of bacteria to
the plant surface could be predicted from the heterogeneous
nature of a cantaloupe surface, as discussed above. The
intact surface of a cantaloupe is hydrophobic in nature, and
Salmonella, which has the most hydrophobic surface of the
hree genera tested, bound the strongest (i.e., had the high-
st §g values) on each testing day. Recently, Salmonella
ras demonstrated to produce the extracellular carbohydrate

olymer celiulose, and cellulose and curli {(aggregative fim-

12

Y [
5]

R = 0767

H (33 o1 a3 LX) o8 21 &1
Rydrophobicity (gfe)
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es. Sg values represent the strength of bacterial attachment
14,
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FIGURE 2. Relationship between bacterial surface negativ
charge (ESIC { —)) of individual bacterial strains and attackmen
fo cantaloupe surfaces on day 0.

briae), as the two principle components of the extracellufar
matrix, are thought to be responsible for biofilm formation
{4, 45). Interestingly, for the plant pathogen Agrobacterium
as well as the plant symbiont Rhizobium, cellulose produc-
tion plays an important role in the firm attachment of bac-
teria to plants and in the formation of bacterial aggregates
at the plant surface (30). After initial attachment, Agrobac-
terium synthesizes cellulose fibrils that bind this bacterium
very tightly to the host cell surface and to each other, and
the bacterial cells can be removed only by digestion of the
bacterial or host cell wall (23). Fibrils of an unknown na-
ture have been observed for Pseudomonas putida and Pseu-
domonas tolaasi binding to the surface of the Agaricus bi-
sporus mycelivm (29), for Pseudomonas syringae pv. syr-
ingae binding to apple tissues (22), and for Azospirillum
brasilense binding to tomato, cotton, and pepper roots {2).

Cellulose production and the presence of curli may al-
low for the strong attachment of Salmonella to the canta-
loupe rind. The growth temperature used for the preparation
of the inoculum in our experiments (36°C) does not favor
the production of these two surface components, as tem-
peratures above 26 to 28°C repress their production (45).
The production of these surface components by Salmonella
during storage of inoculated cantaloupe would lead to an
increased binding strength, as was seen over the 7-day stor-

1

Y [}
o8 ® w0724

as

Sy-Value

o4

@l

? 1 H 3 4 & 4 K

Paositive charge {ESIC ¢4}

FIGURE 3. Relationship between bacterial surface positive
charge (ESIC (+)} of individual bacterial strains and attachment
fo cantaloupe surfaces on day 0.
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age period, but these surface components may not be pro-
duced at a storage temperature of 4°C. Under natural con-
ditions, when contamination occurs in the field, the pro-
duction of cellulose and curli by Salmonella may allow the
bacterium to strongly bind to the plant surface and to be
highly resistant to removal by rain or by washing during
processing (39, 40). Some strains of E. coli O15T:H7 are
also known to produce fimbriae and bacterial exopolysac-
charides (16, 34}, and these strains may also function as
plant surface adhesins. It is difficult to predict the surface
properties of bacterial human pathogens when the patho-
gens are first exposed to a plant surface, as environmental
conditions can significantly affect bacterial surface prop-
erties, including charge and hydrophobicity (3, 7, 34},

The results of this study indicate that both charge and
hydrophobicity influence the attachment of bacterial human
pathogens to cantaloupe rinds. Bacterial cell surface hydro-
phobicity was identified as an important factor in bacterial
attachment and immobilization in the intercellular spaces of
soybean leaves (10). However, De Wegner et al. (8) re-
ported that neither surface hydrophobicity nor charge de-
termines the ability of Psewdomonas species to adhere to
plant roots. Specific interactions between complementary
moieties such as bacterial carbohydrate polymers and plant
lectins or fimbriae and plant carbohydrate-containing moi-
eties may also play a role (24}, especially in bacterial at-
tachment to exposed plant cell wall materials and damaged
tissues.

This study represents a first step in obtaining a better
understanding of how bacterial human pathogens attach to
plant surfaces. Future studies will include an investigation
of the effect of environmental stresses such as cold storage
on the surface characteristics of bacterial pathogens and
their attachment to cantaloupe surfaces. The relationship of
bacterial surface characteristics to the attachment of bac-
teria to other types of produce will also be investigated.
The knowledge gained from such studies will allow for the
development of much-needed improved intervention strat-
egies to help insure the microbial safety of produce.

ACKNOWLEDGMENTS

The authors acknowledge Dr. John G, Phillips for his valuable as-
sistance with statistical analysis of the data, Drs. Charles Onwulata and
Amechi Okereke for their valuable and critical review of the manuscript,
Ms. Jaclyn Davis, Mr. Matthew Evans, and Mr. Lamry Revear for excellent
technical suppert, and Drs. Patricia Griffin and Michael Janda and Ms.
Sharon Abbott for supplying bacterial straing.

REFERENCES

1. Andrews, W. M, G, June, P Sherrod, T . Hammack, and R. M.
Amaguana. 1995, Sahmonelia. p. 5.01-3.19. In FDA bacteriological
analytical manual, 8th ed. Association of Official Analytical Chem-
ists, Gaithersburg, Md.

Bashan, Y., H. Levanony, and R. E. Whitmoyer. 1991, Root surface
colonization of non cereal crop plants by pleomorphic Azospirillum
brasilense Cd. J. Gen. Microbiol. 137:187-196.

Briandet, R., T Meylheuc, C. Maher, and M, N. Bellon-Fontaine.
1999. Listeria monocytogenes Scott Az cell surface charge, hydro-
phobicity, and electron donor and acceptor characteristics under dif-
ferent environmental growth conditions. Appl. Environ. Microbiol.
63:5328-5333,

4. Brown, P K., C. M. Dozois, C. A. Nickerson, A. Zuppardo, J. Ter-

2

a2

14.

20.

24.

tonge, and R. Curiiss IIL 2001, MirA, a novel regulator of curli
(AgF) and extracellular matrix synthesis by Escherichia coli and
Salmonella enterica serovar Typhimurivm. Mol. Microbiol. 41:348-
363

Bumett, S. L., J. Chen, and L. R. Beuchat. 2000. Attachment of
Eseherichia eoli Q157:HT two surfaces and internal structures of ap-
ples as detected by confocal scanning laser micvoscopy. Appl En-
viron. Microbigl. 66:4679-4687.

Dahlback, B., S. Hermansson, S. Kjelleberg, and B. Norkrans. 1981.
The hydrophobicity of bacteria—an important factor in their initial
adhesion at the air-water interface. Arch. Microbiol. 128:267-270.
Dewanti, R., and A. C. L. Wong. 1995. Influence of culture condi-
tions on biofilm formation by Escherichia coli O137:HT. Int. §. Food
Microbiol. 26:147-164.

De Wegner, L. A, M. C. M. van Loosdrecht, H. E. Klassen, and B.
Lugtenberg. 1989, Mutational changes in physiochemical celf sur-
face properties of plant-growth-stimulating Pseudomonas spp. do not
influence the atachment properties of the cells. J. Bacteriol. 171:
2756-2761.

Dickson, J. 8., and M. Koochmaraie. 1989. Cell surface charge char-
acteristics and their relationship to bacterial attachment to meat sur-
faces. Appl. Environ. Microbiol. 55:832-836.

Fett, W. F 1985. Relationship of bacterial cell surface hydrophobicity
and charge to pathogenicity, physiclogic race, and immobitization in
attached soybean leaves. Phytopathology 75:1414—1418,
Firstenberg-Eden, R, S. Notermans, and M. Van Schothorst. 1978,
Attachment of certain bacterial strains to chicken and beef meat. J.
Food Saf. 1:217-228,

Fletcher, M. 1994, Bacterial attachment in aguatic epvironments: 2
diversity of surfaces and adhesion strategies, p. {-24. In M. Fleicher
{ed.}, Bacterial adhesion {inolecular and ecological diversity). John
Wiley and Sons, New York.

Fleicher, M., and G. D. Floodgate. 1973, An electron-microscopic
demonstration of an acidic polysaccharide involved in the adhesion
of 2 marine bacteripm 1o solid surfaces. J. Gen. Microbiol. 74:325~
334,

Fletcher, M., and G. I. Loeb. 1979, Influence of substratum charac-
teristics on the attachment of marine pseudomonad (o selid surfaces.
Appl. Baviron. Microbiol, 37:67-72,

Frank, J. E 2000. Microbial attachment to food and food contact
surfaces. Adv. Food Nutr. Res. 43:320-370,

Fratamico, B M.. 8. Bhaduri, and R, L. Buchapan. $993. Swdies on
Escherichia coli serotype O157:H7 strains containing a 60-Mda plas-
mid and on 60-Mda plasmid-cured derivatives. 1. Mead, Microbiol.
39:371-381.

Gilbert, B D, D. J. Bvans, I. G. Duguid, and M. R. W. Brown. 1991
Susrface characteristics and adhesion of Escherichia coli and Staph-
ylocoeeus epidermidis. 1. Appl. Bacteriol. 7172-77.

Hitchins, A. D., P Feag, W. D, Watkins, S. R. Rippey, and L. A.
Chandler. 1995, E. coli and the coliform bacteria, p. 4.01-4.28, {1
FDA bacteriotogical analytical manual, 8th ed. Association of Offi-
cial Analytical Chemists, Gaithersburg, Md.

Kenney, S. L. 8. L. Burnett, and L. R. Beuchat. 2001. Location of
Escherichia coli BI15TH7 on and in apples as affected by brushing,
washing, and rubbing. 1. Food Prot. 64:1328-1333.

Loveit, J., and A. D. Hitchins. 1988. Listeria isolation, p. 29.01. In
FDA bacteriological analytical manual, suppl. to 6th ed. (revised 13
October 1988). Association of Official Analytical Chemists, Arling-
ton, Va.

Magnusson, K. E. 1982, Hydrophobic interaction—a mechanism of
bacterial adhesion. Scand. . lofect. Dis. Suppl. 33:32-36.
Mansvett, E. L., and M. J. Hatting. 1989. Scamning electron micros-
copy of invasion of apple leaves and blossoms by Prendomonas
syringae pv. syringae. Appl. Environ. Microbiol. 55:335-538.
Matthysse, A. G. 1986. Imtial interactions of Agrobacterium tume-
Jaciens with plant host cells, CRC Crit. Rev. Microbiol. 12:281-307,

Matthysse, A, G. 1996, Adhesion in the rhizosphere, p. 129~153. In

M. Fletcher {ed.), Bacterial adhesion {molecular and ecological di-
versity). John Wiley and Sons, New York.

R7107-06



25.

26.

27.

28.

29.

30.

31

32

33.

34,

35.

ATTACHMENT OF BACTERIA TO CANTALOUPE SURFACES

Mozes, N., and P G. Rouxhet. 1987. Methods for measuring hydro-
phobicity on microorganisms. J. Microbiol. Methods 6:99-112.
Noda. Y., and Y. Kanemasa. 1986. Determination of hydrophobicity
on bacterial surfaces by nonionic surfactants. J. Bacteriol. 167:1016~
1019.

Pedersen, K. 1980. Electrostatic interaction chromatography, a meth-
od for assaying the relative surface charge of bacteria. FEMS Mi-
crobiol. Lett. 12:365-367.

Pringle, J. H., and M. Fletcher. 1986. The influence of substratum
hydration and adsorbed macromolecules on bacterial attachment to
surfaces. Appl. Environ. Microbiol, 51:1321-1325.

Rainey, P. B. 1991. Phenotypic variation of Pseudomonas putida and
P. tolaasi affects attachment to Agaricus bisporus mycelium. J. Gen.
Microbiol. 137:2768-2779.

Romantschuk, M. 1992. Attachment of plant pathogenic bacteria to
plant surfaces. Annu. Rev. Phytopathol. 30:225-243.

Romantschuk, M., E. Roine, K. Bjorklof, T. Ojanen, E.-L. Nurmiaho-
Lassila, and K. Haahtela. 1996. Microbial attachment to plant aerial
surfaces, p. 43-57. In C. E. Morris, P. C. Nicot, and C. Nguyen-The
(ed.), Aerial plant surface microbiology. Plenum Press, New York.
Rosenberg, M. 1984. Bacterial adherence to hydrocarbons: a useful
technique for studying cell surface hydrophobicity. FEMS Microbiol.
Lett. 22:298-295.

Seo, K. H,, and J. E Frank. 1999. Attachment of Escherichia coli
0157:H7 to lettuce leaf surface and bacterial viability in response
to chlorine treatment as demonstrated by using confocal scanning
laser microscopy. J. Food. Prot. 62:2-9.

Sherman, P, R. Soni, M. Petric, and M. Karmali. 1987. Surface
properties of Vero cytoxin-producing Escherichia coli O157:H7. In-
fect. Immun. 55:1824-1829.

Smyth, C. I, P. Jonsson, E. Olsson, O. Soderlind, Rosengren, S.
Hjerten, and T. Wadstrom. 1978. Differences in hydrophobic surface
characteristics of porcine enteropathogenic Escherichia coli with or
without K88 antigen as revealed by hydrophobic interaction chro-
matography. Infect. Immun. 22:462-472.

36.

37.

38.

39.

40.

41.

42,

43,

45,

Strom, M. S., and S. Lory. 1993. Structure-function and biogenesis
of the type IV pili. Annu. Rev. Microbiol. 47:565-596.

Takeuchi, K., and J. F Frank. 2001. Quantitative determination of
the role of lettuce leaf structures in protecting Escherichia coli O157:
H7 from chlorine disinfection. J. Food Prot. 64:147-151.

Takeuchi, K., C. M. Matute, N. A. Hassan, and J. E Frank. 2000.
Comparison of attachment of Escherichia coli O157:H7, Listeria
monocytogenes, Salmonella typhimurium, and Pseudomonas fluore-
scens to lettuce leaves. J. Food Prot. 63:1433-1437.

Ukuku, D. O., V. Pilizota, and G. M, Sapers. 2001. Influence of
washing treatments on native microflora and Escherichia coli pop-
ulation of inoculated cantaloupes. J. Food Saf. 21:31-47.

Ukuku, D. O., and G. M. Sapers. 2001. Effect of sanitizer treatments
on Salmonella stanley attached to the surface of cantaloupe and cell
transfer to fresh-cut tissues during cutting practices. J. Food Prot.
64:1286-1291.

Van der Mei, H. C., M. Rosenberg, and H. J. Busscher. 1991. As-
sessment of microbial cell surface hydrophobicity, p. 263-288. In
N. Mozes, P. S. Handley, H. J. Busscher, and P. G. Rouxhet (ed.),
Microbial cell surface analysis. VCH, New York.

Van Loosdrecht, M. C. M., I. Lyklema, W. Norde, G. Scharaa, and
A. 1. B. Zehnder. 1987, The role of bacterial cell wall hydrophobicity
in adhesion. Appl. Environ. Microbiol. 53:1893-1897.

Van Loosdrecht, M. C. M., J. Lyklema, W. Norde, G. Scharaa, and
A. ]. B. Zehnder. 1987. Electrophoretic mobility and hydrophobicity
as a measure to predict the initial step of bacterial adhesion. Appl.
Environ. Microbiol. 53:1898-1901.

Webster, B. D., and M, E. Craig. 1976. Net morphogenesis and char-
acteristics of the surface of muskmelon fruits. J. Am. Soc. Hort. Sci.
101:412-415.

Zogaj, X., M. Nimtz, M. Rohde, W. Bokranz, and U. Romling. 2001.
The multicellular morphotypes of Salmonella typhimurium and Esch-
erichia coli produce cellulose as the second component of the ex-
tracellular matrix. Mol. Microbiol. 39:1452-1463.

R7107-07



